Brigham Young University

BYU ScholarsArchive
Theses and Dissertations
2020-06-18

LCM Permeability Characterization Over Mold Curvature
Benjamin Grant Betteridge
Brigham Young University

Follow this and additional works at: https://scholarsarchive.byu.edu/etd
Part of the Engineering Commons

BYU ScholarsArchive Citation
Betteridge, Benjamin Grant, "LCM Permeability Characterization Over Mold Curvature" (2020). Theses and
Dissertations. 8508.
https://scholarsarchive.byu.edu/etd/8508

This Thesis is brought to you for free and open access by BYU ScholarsArchive. It has been accepted for inclusion
in Theses and Dissertations by an authorized administrator of BYU ScholarsArchive. For more information, please
contact ellen_amatangelo@byu.edu.

LCM Permeability Characterization Over Mold Curvature

Benjamin Grant Betteridge

A thesis submitted to the faculty of
Brigham Young University
in partial fulfillment of the requirements for the degree of
Master of Science

Andy R. George, Chair
Michael P. Miles
Yuri Hovanski

Department of Manufacturing Engineering
Brigham Young University

Copyright © 2020 Benjamin Grant Betteridge
All Rights Reserved

ABSTRACT
LCM Permeability Characterization Over Mold Curvature
Benjamin Grant Betteridge
Department of Manufacturing Engineering, BYU
Master of Science
Composite flow simulation tools for LCM processing can be expensive and timeconsuming but necessary to design a mold system with proper placement of resin inlets and
vacuum outlets. Composites manufacturing engineers would benefit from data regarding the
impact of mold curvature radius on resin flow. This could help determine whether or not a
particular part and mold would require expensive simulation software designed to handle
complex flow paths through curved fabric architectures exhibiting variable permeability over the
curvature, or if simple flow modeling would provide accurate enough simulations for sound
tooling setup decision making.
Four molds, with double curvature having equal radii, were fabricated with radii ranging
from 3.2 to 25.4 mm to characterize the permeability of two different fiber reinforcements 1) a
carbon biaxial NCF and 2) a fiberglass CSM over the mold curvatures. Three infusions of each
material type were conducted on each of the 4 molds for a total of 24 test infusions. Flow front
position vs. time data was captured during each experimental infusion.
The permeability in the bend regions, KB, was first estimated by the integrated form of
Darcy’s Law to evaluate the permeability for average flow across the entire bend region. This
was done for both the convex and concave regions using a geometric estimate for the increased
compaction in the bend regions. The permeability increases as the tool radius increases, and the
rate of increase diminishes as the tool radius increases and the permeability approaches the flat
region permeability. An estimate of KB for VI was then made by applying a ratio calculated from
the resulting permeability from the rigid- and VI-based models in the flat regions. Generic power
law fits are reported that could be used in LCM process simulation, to give a model to estimate
the permeability for any bend in the reinforcement part geometry. The results suggest that any
curve with a radius higher than 25 mm requires no adjustment to the flat permeability.

Keywords: LCM, RTM, VARTM, VI, RI, permeability, curved permeability, composites, flow
simulation
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1.1

INTRODUCTION

Introduction to the Problem
Composite materials have been engineered by humans for thousands of years. The goal

with a good composite material is to disperse a reinforcement into a matrix such that the
resulting material will have greater utility than either of the two constituents alone. In the case of
carbon fiber composites, the fibers are extremely stiff and strong, yet lightweight. The matrix,
typically a polymer, is used to hold the fibers together giving a composite part its shape and
distributing loads to the fibers. The result is a material with an excellent strength-to-weight ratio
making it useful to many industries requiring high performance materials.
In recent years, industry demand for composite materials has grown rapidly. Many
industries are transitioning toward composite materials in order to increase component strength
while simultaneously reducing component weight. Major industries that are making transitions
include aerospace, transportation, and renewable energies such as wind and tidal energy
generation. As a vehicles weight is reduced, the amount of energy required to propel it reduces
resulting in increased fuel economy. This improved specific strength of structural components
will continue to be critical to fuel efficiency during the next few decades as legislation regulates
carbon emissions and many companies also begin transitioning to hybrid and electric modes of
propulsion. The Boeing 787 Dreamliner and Airbus A350 both demonstrated these benefits using
carbon fiber composites in place of traditional materials for the main fuselage, wings and wing
1

box structures. Both aircraft are approximately 50% composite by weight and the bulk of the
structural composite components on these vehicles are built with qualified processes of
automated fiber tape placement and autoclave cure.
Automated tape layup and autoclave processing have been refined to produce highly
consistent parts that maximize the strength-to-weight ratio achievable by composites. However,
this technique has high startup costs, is limited in its production speed, part geometry, and its
ability to be automated. A build rate of 10-15 planes per month allows for autoclave processes to
keep up with the required throughput of the 787 and A350. However, Boeing and Airbus are
most profitable with their smaller aircraft such as the 737 and A320 respectively. These aircraft
have build-rates of around 50-60 aircraft per month [1]. As these products begin to be replaced,
new designs are expected to see similar use of composite structures as the 737 and A350. In
order for manufacturing cells to meet the throughput necessary for these higher volume aircraft,
Out of Autoclave (OOA) materials and processes are being developed, which do not rely on the
slow cure from an autoclave for part quality. These OOA technologies must be further developed
and qualified to meet the higher production rates at a lower cost.
The automotive industry requires even faster cycle times to keep up with production rates.
Each manufacturing cell typically is required to perform its operation in minutes as opposed to
hours and sometimes days afforded for large composite structures [1]. The standard autoclave
materials and processes used currently to produce large scale aerospace structures cannot keep
up with the needs of the current automotive or future aerospace demands. This is where liquid
composite molding (LCM) materials and processes begin to demonstrate their advantage. LCM
can be fully automated in order to meet processing demands of higher rate production systems.

2

LCM processing takes many forms each with its own set of distinct challenges. High
Pressure RTM or HP-RTM has been a focus of the automotive industry in order to drive down
cycle times through sheer force. Higher pressures allow for the resin to be injected through the
mold cavity and fiber preform at a greater velocity. Due to larger part sizes, the aerospace
industry has focused efforts on lower pressure techniques because the high pressures over such
large surface areas just aren’t practical. A typical aerospace part such as a wing skin can range
from 3 – 15 meters long as opposed to a meter long autobody panel. Vacuum Infusion (VI),
another LCM technique is an alternative to RTM processing and heavily used in the marine and
wind power industries. VI tooling is significantly less complex and significantly less expensive
per area of part processed enabling the production of parts such as wind turbine blades. Siemens
Gamesa Renewable Energy is preparing for the production an offshore wind turbine featuring
94-meter-long blades, as long as a soccer field. GE Renewable Energy is currently developing a
wind turbine with blades 107 meters long [1].
Building parts at such scale has many challenges, prototyping being one of them. Engineers
can use software tools such as flow simulation to help design the manufacturing process. Access
to flow simulation tools enables design and manufacturing engineers to quickly validate designs
and processing through computer modeling. This drastically decreases the cost and time it takes
to iterate and improve on a design. Processing simulation tools are becoming increasingly
sophisticated and accurate as they begin to better take into account variations in fiber
reinforcements. However, more research and data are needed to fully incorporate variations such
as textile compressibility and permeability over complex mold geometry.

3

1.2

Problem Statement
Composite flow simulation tools for LCM processing can be expensive and time-

consuming but necessary to design a mold system with proper placement of resin inlets and
vacuum outlets. Composites manufacturing engineers would benefit from data regarding the
impact of mold curvature radius on resin flow. This could help determine whether or not a
particular part and mold would require expensive simulation software designed to handle
complex flow paths through curved fabric architectures exhibiting variable permeability over the
curvature or if simple flow modeling would provide accurate enough simulations for sound
tooling setup decision making.

1.3

Research Questions
At what minimum radius can a mold curve be considered undeformed enough to not have

to account for the curvature in filling simulation?
Can the textile permeability be expressed as a function of tool curvature radius? If so, what
is that function?

1.4

Hypothesis
As a part geometry’s curvature radius decreases, there is some minimum radius where the

effects of the curvature upon a composite reinforcement are still negligible upon the flow paths
during infusion of the reinforcement. Below that minimum radius, a model can be used to
determine the modified permeability of the reinforcement as a function of that curvature radius.

4

2

2.1

LITERATURE REVIEW

Composite Materials
A composite material consists of two or more materials that when functioning together

provide greater utility than when used alone. More specifically for this work a composite refers
to a polymer matrix and fiber reinforcement. The fibers of a composite are the primary source of
strength due to their high modulus and tensile strength. The matrix which surrounds the fibers
and bonds them together, gives the composite its shape, transfers the load from fiber to fiber, and
protects the fibers [2].
Factors such as fiber alignment, fiber length, fiber material, and matrix chemistry all play a
significant role in designing a composite for its application. Unlike isotropic materials such as
aluminum and steel, a composite’s final properties can be tailored to a specific application by
adjusting the orientation of the fibers and chemistry of the resin matrix. This flexibility in design
enables a more efficient use of weight as the materials may be designed to carry loads specific to
the structural needs of a part. Maximizing the strength of a composite may be accomplished by
maximizing the fiber content and minimizing the resin content provided there is adequate resin to
completely wet out or coat the fibers. Any additional resin beyond coating the fibers and
constraining them together is unnecessary weight that provides no structural benefit. This fiber
content is referred to as fiber volume content and termed vF.. Because the fibers are the primary
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source of strength, optimizing the ratio of fibers to resin increases specific strength and improves
structural efficiency [3].
A major challenge to fabricating high quality composites is the formation of voids while
the matrix is still liquid. Increasing void content (v0) has a detrimental impact on the structural
integrity of a composite. Each 1% increase in void content typically decreases resin dominated
properties in the range of 2 – 10% [4]. Air bubbles or voids cured into the part become stress
concentrations, increasing the likelihood of delamination initiating from the voids. Almeida et al
showed the effects of voids under flexural cyclic loading reducing the parts expected life [5].

2.1.1

Fibers
Various fiber reinforcements are used in the composites industry with the most common

being carbon, glass, and aramid. Carbon fiber has found its use in applications requiring the
greatest strength and stiffness. Its high tensile strength and light weight give it the best specific
strength of nearly all commonly used industrial materials. Glass fiber reinforcements are by far
used the most throughout industry with the exception of carbon composite in the aerospace
industry. While not as strong and stiff as the highest performing carbon fibers, they are cheaper
to produce and have a longer history of industrial use. Of all the fiber reinforcements they have
the best cost to performance ratio. Due to Kevlar or aramid fibers’ excellent impact resistance
they have most notably been used in applications such as bulletproof vests as well as other armor
and military applications. Figure 2-1 shows the strength and density for many common industrial
materials in an Ashby plot [6].

6

Figure 2-1: Strength vs. Density Ashby Plot

While fiber manufacturing methods and raw materials will yield various classes of fibers
with properties below classes of another, the highest strength carbon fiber reinforced plastics
(CFRP) have maintained their position as one of the strongest building materials in use today if
not the strongest.

2.1.2

Resins
The resin matrix determines the properties associated with the surface of the composite

material. This includes its service temperature, flammability, resistance to photooxidation, and
surface compatibility. The resin’s propensity to be saturated into the fibers free of air bubbles or
voids during the manufacture of a composite also plays a role in the damage tolerance of the
final part.
7

All polymer matrices fall into two categories, thermosets or thermoplastics. The vast
majority of composites in service today are made with thermosetting resins. Generally,
thermosetting resins before gelation are much lower viscosity making it easier to get a full wet
out of the fiber reinforcement. Using thermoplastics as the matrix however, is becoming more
popular. Some advantages include its ability to be thermoformed, i.e. faster processing and
recyclability, as well as its greater toughness and impact resistance.

2.2

2.2.1

Processes

Hand Layup
Hand or wet layup entails laying dry fiber onto a single sided mold, then manually wetting

the fibers with resin using a paddle, roller, spray gun or equivalent. It is the least expensive
method of composite layup. Hand layups and spray ups are commonly open molded, meaning no
vacuum bag or closures over the mold are used. Because of the manual nature of the process and
often lack of vacuum consolidation, controlling vF, v0, and the thickness of the part is difficult
and highly variable in comparison to other processing methods. Resin systems include volatile
organic compounds (VOC’s) such as styrene that are released into the air when cured in an open
mold. Increasing environmental legislation has limited such emissions into the atmosphere for
health and environmental reasons, steering many companies away from this method of
manufacturing composites or forcing them to adapt their processing techniques.

2.2.2

Prepreg and Autoclave
A well-developed method of producing high fiber content composites utilizes fiber that has

been pre-impregnated with B-staged resin laid up in or on a mold that is then vacuum bagged
8

and cured in an autoclave. B-staged resin is a premixed two-part adhesive, typically an epoxy,
that has begun its cure. Once the B-staged resin is introduced to the fiber, the components
together are commonly called prepreg if the fibers are woven or laid parallel in a broad sheet, or
“towpreg” if the fiber is a single tow of carbon fiber on a spool. To prevent B-staged resin from
curing before it is molded, it must be kept at temperatures low enough to prevent the movement
of molecules to active bond sites. For some resin systems this can be room temperature, but for
most resin systems the prepreg must be stored at temperatures below freezing. A big advantage
to prepreg processing is the ability to standardize its production with highly consistent
production equipment metering a tightly controlled quantity of resin into the fibers. When the
use of prepreg is coupled with an autoclave, providing upwards of 300 psi overpressure on a
vacuum bag layup, much lower void contents can be achieved in comparison to other processing
methods. Final part quality and performance are typically better than other processing methods
but requires higher capital investment costs to acquire equipment for processing. Because the
resin is already evenly distributed throughout the part, flow simulation tools typically are not
necessary to design tooling setups for prepreg and autoclave cured parts.

2.2.3

Liquid Composite Molding
Resin Transfer Molding (RTM) and Vacuum Infusion (VI) are two common methods of

liquid composite molding (LCM) but many technologies have been developed related to or
expanding on the two. All methods considered to be LCM make use of a pressure differential to
wet out the fiber reinforcement previously installed into a mold while dry.
RTM processing utilizes high positive pressure to force resin at the inlet into the fiber
constrained between matched metal tooling. The part is cured in the mold then removed for post
9

processing. A traditional RTM processing set up is depicted in Figure 2-2 [7]. The speed of LCM
processes directly relates to the injection pressure capabilities of the process. In recent years,
advancement in tooling and equipment has enabled High Pressure – RTM (HP-RTM) to
drastically reduce cycle times. By comparison, what may take a typical RTM setup 10.3 min to
fill at 6 bar, would take only 3.8 min for an HP-RTM setup at 60 bar [8]. Further advancements
in RTM processing such as Compression RTM (CRTM) or sometimes called Gap RTM reduce
cycle times even further by injecting the resin into a gap over the preform before using high
pressure to compress the layup forcing the resin into the preform in from above.

Figure 2-2: Basic RTM Process

VI, also commonly called Resin Infusion (RI) or vacuum-assisted RTM (VARTM) has a
wide range of use but is commonly used when properties better than wet lay-up are required but
the size of the part makes autoclave processing or RTM prohibitively expensive. A basic setup of
a vacuum infusion can be seen in Figure 2-3 [9]. Dry fibers are placed into a mold constrained to
the shape of the mold by a vacuum bag sealed to the flange of the mold typically by tacky tape.
Inlets and outlets are strategically installed into the layup. Vacuum is pulled at the outlet while
the inlets are crimped or otherwise shut, compressing the fibers together against the mold with
the force of atmospheric pressure. When the inlets are uncrimped, atmospheric pressure pushes
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the resin into the mold cavity wetting the fibers. If the inlet and outlet are placed improperly the
mold cavity may not completely fill leaving dry spots or voids.

Figure 2-3: Basic Vacuum Infusion Setup

Since the 1950s, variations of VI have been employed commonly as methods to reduce
styrene emissions from open molding or to reduce tooling costs of matched metal tools [10]. A
variation of VI called Seemann Composites Resin Infusion Manufacture Process (SCRIMP),
illustrated in Figure 2-4, is commonly used to manufacture large scale wind turbine blades [11].

Figure 2-4: Infusion (SCRIMP) of Wind Turbine Blade
11

Similar to how CRTM first distributes the resin over the part in the highly permeable gap region,
SCRIMP uses a distribution media over top of the fiber to allow the resin to first infuse the high
permeable media before wetting out the fibers in the z-direction from above.

2.3

Flow Simulation
Extensive work has been done in modeling LCM processes. Numerical simulations enable

engineers to determine optimum parameters when a trial-and-error approach is cost prohibitive.
A single large-scale infusion common to the marine or wind energy industries could waste in
excess of $100,000 worth of material alone per unsuccessful test. In order to achieve accurate
results in process simulation, accurate inputs are required. The required inputs are:
1. Resin – density, and viscosity at time and location: (ρR), μ(t,x)
2. Textile – thickness, porosity, and permeability at time and location: h(t,x), φ (t,x), K(t,x)
And the outputs are:
1. Location of flow front at time: xf(t)
2. Resin pressure at time and location: PR(t,x)
3. Part fill time
The ability to predict the flow front location and velocity at any given time for different
resins and fabric architectures has many benefits. Typically, service requirements will determine
which resins and reinforcements are viable for a particular product. With the materials known
and access to flow simulation, the engineer may then predetermine how far the resin will flow
through the mold at a given pressure within the working time of the resin. Using such simulation
data, optimal inlet and outlet gate locations can be determined by iteration, watching for which
12

scenario virtually results in complete part filling. An example for VI is illustrated in Figure 2-5
where the proper amount and lay-out pattern of inlet tubing was virtually determined to provide
full wet out simultaneously over the part [12]. In RTM, simulation has the potential to provide
detail as to inlet placement as well as appropriate pressures to use to fill the part as fast as
possible while minimizing micro-bubble entrapment [13]-[15].

Figure 2-5: Polyworx simulation (left) and photo (right) of a vacuum infused boat hull.

2.3.1

Darcy’s Law
Typical flow simulation models are built on the foundation of Darcy’s Law. Darcy in the

middle of the 19th century characterized the flow of water through sand beds [16]. He stated that
the total discharge flowrate (Q, m3/s) divided by the cross sectional area (A, m2) of porous media
through which a fluid is flowing, is proportional to the pressure gradient (ΔP, Pa) applied across
the length of the media (ΔL, m) and the constant of proportionality is given by the permeability (K,
m2) of the media divided by the viscosity of the fluid (μ, Pa·s):
𝑄𝑄
𝐴𝐴

= −

𝐾𝐾 Δ𝑃𝑃

( 2-1)

𝜇𝜇 Δ𝐿𝐿
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Darcy’s testing is considered “saturated” because the sand was already wet or filled with
water at the onset of his flow test. Subsequent researchers specific to studies on resin infusion
have built on his initial research conducting “unsaturated” tests and adapted Darcy’s Law to
consider the flow front velocity instead of the flow rate of the fluid. In order to accurately apply
Darcy’s Law to provide velocity in a flow simulation, the reinforcement and matrix material
properties must be characterized. In other words, the values such as porosity and permeability of
the given reinforcement along with viscosity of the fluid must be known to solve for velocity.
When seeking to simulate a new material, testing must be carried out for each newly used
material to characterize them for these properties. Developing standardized tests for
characterizing reinforcements’ permeability [17] and compressibility [18] has been the work of
multiple world-wide collaborative benchmark studies. Such standardized tests would be
beneficial industry wide but could also help to qualify materials and processes for the aerospace
and defense industries.

2.3.2

Compressibility
In all LCM processes, a pressure differential drives the infusion of resin into the fiber

reinforcement. While processing whether with RTM or VI, a pressure gradient exists between
the inlet and vent which has a large impact on the parameters of the process such as speed of the
infusion. The main difference between VI processes and RTM processes is that one side of the
VI tooling is flexible. This allows the pressure gradient of VI processes to become nonlinear
between the inlet and vent whereas in an RTM process with a fixed mold gap and preform
thickness, the pressure gradient remains linear in good quality tooling. Rigas et al. showed how
this gradient typically results in variations to final part thickness [19]. Modeling the pressure
gradient in VI requires the use of Terzaghis’s Law [20] where the vacuum bag, being a flexible
14

membrane, allows opposing pressures on either side to remain balanced. Atmospheric pressure
(PA) presses the vacuum bag in towards the tool and is opposed by the sum of the vacuum
pressure (PV), resin pressure (PR), and compaction pressure of the reinforcement (PC):
(2-2)

𝑃𝑃𝐴𝐴 = 𝑃𝑃𝑉𝑉 + 𝑃𝑃𝑅𝑅 + 𝑃𝑃𝐶𝐶

During an infusion the reinforcement acts like a spring. At the beginning of an infusion,
before any resin is introduced into the reinforcement, almost all of PA is loaded onto the
reinforcement. With a vacuum inside the bag PA compresses the fibers, increasing the fiber
volume content (vF). This relationship is expressed as the function PC(vF) and called the
“compressibility” of the reinforcement. Fiber volume content can be calculated by

𝑣𝑣𝐹𝐹 =

𝑛𝑛 𝐴𝐴𝑊𝑊

(2-3)

ℎ𝜌𝜌

where n is the number of plies in the reinforcement, AW is the areal weight of a single ply, h is
the total laminate thickness, and 𝜌𝜌 is the density of the reinforcement fibers.

Compressibility is typically characterized by one of two methods and is necessary to

calculate a reinforcement’s fiber content and permeability during VI. In situ methods typically
conduct a resin infusion of a flat sample while simultaneously measuring PR and h at discrete
points along the flow path of the resin. Multiple in-mold pressure sensors are used to record PR
while various methods of measuring h have been used including extensometers [21], [22], lasers
[23], and digital image correlation (DIC) [24]-[27]. Using Equation 2-2 and measured values for
PA, PV, and PR, the value for PC can be solved for at each discrete point along the flow path.
Equation 2-3 is then used to solve for vF from changes in h at the corresponding points.
Compressibility can then be expressed for each of these points by plotting PC against vF.
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An ex situ method, first presented by Gutowski et al. [28], uses a universal testing machine
(UTM) to characterize compressibility. Because UTM machines are common to composites
research labs, most compressibility data come from a version of this method. The Terzaghi
pressure balancing equation now becomes
(2-4)

𝑃𝑃𝐿𝐿 = 𝑃𝑃𝑅𝑅𝑅𝑅 + 𝑃𝑃𝐶𝐶

where PC is solved for upon measuring the UTM applied pressure (PL) and any fluid pressure
(PRT) pushing back against the UTM if the reinforcement is wet. Wet compressibility testing
would seem to be more accurate to the compressibility during VI processing, but dry ex situ
testing was shown to be much simpler and give satisfactory agreement with in situ
compressibility results in a recent study [29].

2.3.3

Permeability Testing
In composites processing, permeability (K) can be defined as a measurement of the inverse

of the resistance to the flow of resin due to the presence of the fiber preform. Many methods
have been developed to determine the in-plane permeability of fibrous reinforcements both by
theoretical mathematical estimates as well as through experimentation. The Kozeny-Carman
equation is likely the most common method of estimating the permeability through fibrous media
taking into account fiber diameter and fiber volume fraction of the single scale porous medium
[30]. However, composite preforms are commonly fabricated with strands of fiber stitched or
woven together in a configuration commonly referred to as a dual scale porous media.
Lundström [31] and other researchers have developed more complex models that account for the
dual scale flow with microscale flow within the fiber bundles and a mesoscale flow between the
bundles. More recently as computational resources have become more powerful and more
16

accessible many researchers are beginning to build numerical simulations to predict permeability
of dual scale porous media [32]-[34].
Numerous experimental methods have also been developed for determining permeability.
Two frequently used techniques for determining K include unidirectional or 1-D and radial or
2-D experimentation. Both have their benefits and drawbacks. The main benefits of 1-D (Figure
2-6, extracted from [35]) experimentation are its simple setup and ease of tracking the straight
unidirectional flow front. These factors generally lead to better experimental repeatability.

Figure 2-6: 1-D Permeability Experiment

The radial or 2-D method (Figure 2-7, extracted from [35]) benefits from being able to
determine the experimental K values for both the warp and weft directions of a textile in a single
experiment [36]. It also is inherently insusceptible to the effects of race tracking as that is
commonly an issue during 1-D testing.

Figure 2-7: 2-D Permeability Experiment
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2.3.4

Variable Permeability
Studies have been conducted to investigate how mold features, such as double-curvature

shearing and single-curvature bending, affect the permeability of the fiber reinforcement.
Regarding the latter, when a textile is draped over a single mold curve between two
perpendicular planes the bend region exhibits a different permeability than the flat regions on
either side. This is due to the fact that a ply of the reinforcement is thin, but still thick enough
that curvature causes either the material on the inside of the curve to compact, or the material on
the outside to stretch, or some combination of the two. As typical glass and carbon fibers are
stiff, fiber compaction, e.g. buckling, is more probable than fiber extension. Such increased
compaction in the bend regions, and the resulting susceptibility to fiber buckling, has been
documented in mechanical studies of curved composite parts [37]-[40]. Such buckling, as well as
the fabric’s propensity to “bridge” across the bend curvature, often results in resin-rich channels
parallel to the bend, either in the fibers or against the tool (especially in concave bends) [37],
[40]. Such resin rich spots result in higher permeability in flow along the bend edge, but the
increased compaction decreases the permeability around, i.e. “through” the bend [41]. In an
experimental study of VI infusion of a thick laminate (40 plies of carbon weave) in a right anglebend, this worst case scenario for curvature affects showed that the increased compaction can
make it very hard to fill the tool-side corner region, risking dry spots at that location [42].
Few measurements have been reported of the local permeability in a bend region, K, but
there is evidence that such local permeability in a tight curve may differ by an order of
magnitude from the non-curved permeability [43], [44]. One flow simulation strategy for such
deformed reinforcements is the creation of a unique zone (or mesh region in simulation) to apply
the deformation-induced changes in permeability [41]. This requires characterization of the
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permeability as a function of the magnitude of the deformation. In the specific case of singlecurvature bends in a mold, the permeability decreases as the curve radius decreases, due to the
increasing local fabric compaction. Thus, if the permeability for several curve radii could be
experimentally determined, then a model could be fit to that data, to allow prediction of the
modified permeability for any curve radius of the same reinforcement material.
Several studies have attempted to characterize the effects of single-curvature on LCM flow.
Friedman et al. performed constant flow-rate infusions using rigid tooling in an “L-shape” tool
depicted at left in Figure 2-8 [45], [46]. Three different molds were prepared with each having a
different curve radius. The pressure required to maintain the flowrate was sampled over time and
used to solve for the permeability in the flat sections of the mold. Due to the vertical flow in part
of the mold, the flow models were relatively complex because of accounting for the hydrostatic
pressure, i.e. gravity’s effects [47]. Only in their second paper [46] was the model expanded to
be able to calculate the permeability in the bend region. But anomalies in the permeability data
(e.g. the two flat regions resulted in significantly different permeability values) kept the authors
from having enough confidence to report bend-region permeability values. Such anomalies could
very well be from the difficulty in aligning the two sides of a rigid mold to ensure the same
thickness in each flat region and constant curvature in the bend regions. One resulting bend
region permeability (KB) value was reported and did show a significant reduction in the
permeability compared to the flat regions. The Friedman study was also limited to the flow of
water through various fiberglass preforms. This L-shaped tool became common for parallel
studies of the effects of part curvature on mechanics [38], [39], [42], [44], [48]-[50].
Bickerton et al. similarly studied effects of part curvature on LCM flow with rigid 2-sided
molds, constant flowrate, and a range in bend radii, but used radial infusion into the top of a
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triangular profile shaped part as shown in the center in Figure 2-8 [51]. Results showed that
resin-rich areas form at curvatures, and significant flow problems arose due to small anomalies
in tooling tolerance at the corners. These anomalies included race-tracking, resin-rich zones, and
sometimes entirely blocked flow (due to high compression), but no signs of fiber buckling or
breakage even in the tightest curves. The permeability in the curved regions was notably left
unmeasured from the flow front progression in this study, with the only published filling data
being the injection pressure history.
In a separate theoretical study, Bickerton et al predicted the ratio between the flat- and
curved-region permeabilities predicted by an analytical-geometrical model [43], but these
predictions were not validated with any experimental data. This analytical model was based on
the assumption that the fiber content is equal in each of the plies in the bend region due to the
lower sensitivity of vF to the compaction when already under vacuum, and that all bend-region
compaction occurs instead by thickening the inner layers and thinning the outer layers in the
bend. This assumption seems convenient for modeling purposes, but unlikely to occur in reality.
The micrographs published in their work seem to suggest that the fiber concentration is actually
higher in the inner layers in the bend than the outer layers. In that same study, KB was also
estimated by a numerical simulation method, by iterating their values until the simulated
injection pressure matched the experimental data.
There were several limitations to Bickerton’s methodology which impeded measurement of
KB. Comparison of flow between the flat and the bend regions was complicated by having
different thicknesses in the flat regions, and different curvature radii at the ends of each bend
region. The researchers attempted to decouple the effects of varying mold cavity thickness from
the effects of the curvature by incorporating the resulting change in vF for the effected regions in
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the simulations. Various reinforcements were studied, but were all low fiber-volume textiles, and
mostly fiberglass. The curved regions in the mold were very small, as the bend angles were much
smaller than 90°. One mold was an exception to this, with curvature across the entire flow path,
but the curve radii was too large for this mold to cause a significant difference in filling from that
in an un-curved mold. Lastly, and similarly to Friedman’s work, the non-uniform corners from
using rigid tooling ultimately limited the researchers’ ability to assess local fabric permeability
as a function of curvature.

Friedman et al.

Bickerton et al.

Lystrup et al.

Figure 2-8: Curved Permeability Test Apparatuses

Another study by Laval et al used both L- and T-shaped rigid tools, with a curve radius of
0, i.e. right angle in the tooling [44]. 1-D infusions were made with a constant flowrate, and an
increase in the driving pressure was required to maintain that flowrate through the high
compaction in the tight curve. This study was the first to report KB directly from the experimental
flow data, although only three infusions were reported. KB was about 25% of K in the flat
regions. Bickerton’s analytical-geometry model [43] was used to measure KB, which, as detailed
above, uses the suspect assumption of constant vF in each of the plies in the bend-region. A more
recent study used a trapezoidal profile (similar to Bickerton’s triangular profile), with four thin
bend regions [52]. Another analytical-geometrical solution was prepared in that study, as well as
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numerical simulation iterations to solve for KB, but no experimental data was reported to validate
the analytical and numerical predictions.
In summary, here are the weaknesses of the previously published studies on the
permeability in curved part regions:
1. Vertical and horizontal flow paths allow gravity to unequally effect the different
sections of the mold, and it can be impossible to accurately model the changing
magnitude of such in a curved region. Orienting the tool on its side would ensure that
the flow through the bend regions, and the flat regions, has equal effects from gravity
across all regions.
2. Rigid tooling creates slight imperfections in mold alignment, and thus nonhomogeneous compaction in the bend regions. Although a vacuum bag introduces the
flow-modeling complexity of a thickness gradient across the part, it is mathematically
possible to model and predict, and the vacuum bag ensures a more regular pressure
application across the bend regions.
3. No data has been reported on high-performance / high-vF carbon reinforcements, and
thus no validation of any of the models presented in the literature, for such highly
compact reinforcements.
4. Little actual data presented on empirically determined permeability as a function of
curve radius. Many simulation-based estimations of the permeability exist, by iterating
K in the simulation until some result matches the empirical data. But these rely on the
accuracy of the flow simulation itself and assume perfect regular compaction
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modifications in the bend regions. This assumption has been shown not to be
completely accurate.
Lystrup et al. recently developed a novel test method at Brigham Young University,
deploying a single rigid tool with a vacuum bag laid on its side represented by the diagram at the
right in Figure 2-8 [14]. In theory, the VI implementation of such a test would 1) ensure
consistent compaction across the curved-fabric regions, and the side-ways orientation would
ensure that 2) gravity’s effects on the resin flow is at least constant in magnitude across each of
the curved and non-curved sections, and that 3) the gravity does not affect the pressure gradient
in the flow direction, i.e. parallel to the ground. However, an insufficient quantity of experiments
was reported in the latter study to be statistically significant or draw a conclusion with an
adequate degree of confidence. Other research has shown the necessity of replicate
measurements on permeability values in layered reinforcement fabrics [53]. Researchers working
to standardize a characterization method of fiber preform permeabilities have shown that results
for the same preform and consistent experimentation can still yield results with a standard
deviation of about 20% from experiment to experiment [17]. The present study expands upon
Lystrup’s test method by 1) employing both convex and concave curves in each tool of a given
curve radius, 2) adding multiple replicates to each tested radius, and 3) data validation with
vacuum sensors in mold and at the vacuum source.
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3

3.1

3.1.1

METHODOLOGY

Materials

Fabric
Two different fabric reinforcements, shown in Figure 3-1, were used in this study: 1) a

carbon biaxial non-crimped fabric (NCF) (VectorPly C-BX1800), and 2) a fiberglass chopped
strand mat (CSM) (Jushi EMC450). Total sample thickness was targeted at 2 mm. This was
closest achieved by laying up 4 plies of the Biaxial VectorPly NCF per carbon sample [±45]4 ,

and 3 plies of the Jushi CSM per fiberglass sample. All fabric plies for the samples were cut
prior to experimentation.

Figure 3-1: VectorPly C-BX1800 (left), Jushi EMC450 (right)

The carbon NCF, as shown in the left image of Figure 3-1, was held together by a chain
stitch in the warp direction of the material. To limit the effect of this stitch on the results, all test
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samples were laid up in the same orientation with the chain stitch always on top. Samples were
all infused in the warp direction of the fabric shown in Figure 3-4 as right to left.

3.1.2

Resin
Because this study did not intend to do post cure analysis on cured samples, in place of an

infusion resin, canola oil was used. Canola oil is commonly used in permeability
experimentation because it is lower cost and exhibits similar molecular properties to an infusion
grade epoxy resin, e.g. viscosity, surface tension, and elemental-carbon backbone. The batch of
canola oil used during experimentation measured an average viscosity of 161 mPa-s.

3.2

Tooling
Four molds with double curvature were constructed with four different radii. During use

the molds were held in place on a fixture plate for ease of experimental set up. Tooling is shown
in Figure 3-2. Molds were fabricated with the following radii: 3.2, 6.4, 12.7, and 25.4 mm, with
both curvatures on a given mold having the same radius. Molds were made from 7 layers of
MDF board cut out on a CNC router table, then glued and clamped together. Locating pins were
used to keep the mold surfaces in alignment while the glue set. Mold surfaces were finished by
sanding with 120, 400, 600, then 1000 grit sandpaper over a flat plate and with radius tools to
match the mold radius. Molds were initially intended to be sealed with a mold sealer and each
received 5 coats of mold sealer. However, due to the extreme porosity of MDF, each surface was
lined with a four-inch wide polyester flash tape. The tape also provided the necessary seal over
the threaded interface between the mold and vacuum pressure sensors. The tape was pierced just
over each sensors’ vacuum port to allow good readings at three different points in the layup
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during experimentation. Vertical lines marked each of the four tangent lines bordering the curved
and flat regions on each mold along with the sample start and test end lines.

Figure 3-2: Tooling and Fixture Plate

Pressure sensors (Dwyer 628-00-GH-P9-E1-S1) were threaded into mold #2, at 32, 118,
and 198 mm along the flow path. A GMH 3161-12 digital handheld vacuum gauge, accuracy
<1%, with integrated sensor, was also placed at the vacuum source. The in-mold pressure sensors
converted the pressure into a variable current signal, which was sampled every 5 seconds, and
read by a National Instruments data acquisition (DAQ) system and LabVIEW software. The
output data file consists of the sensor current at every time step which was converted to fluid
pressure measurements by a linear model fit to calibration testing data based on ambient and full
vacuum pressure measurements.

3.3

Experimentation
Three infusions of each material type were conducted on each of the 4 molds for a total of

24 test infusions. The sample infusion order was randomized to minimize the effects of any
unforeseen and uncontrolled factors. A video camera recorded the entire infusion process for
each test, with the timer and sample label situated to be visible in the video (Figure 3-4). In the
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sample label ‘M3C2,’ the ‘M3’ refers to mold 3 (i.e. the mold with 12.7 mm radii), and ‘C2’
refers to carbon sample 2.
The following data was recorded during experimentation: ambient pressure, layup vacuum
pressure, ambient temperature, resin temperature, infusion oil level (i.e. height in pot), resin
viscosity, dry sample uncompressed thickness, dry sample compressed thickness, wet sample
compressed thickness, wet sample uncompressed thickness, time under compaction before test
start, and times for the leading flow front, the middle of the sample flow front, and the trailing
flow front to reach region markers L0, L1, L2, L3, L4, and L5. The leading flow front can be
defined as the furthest progressed resin in the sample toward the vacuum outlet port regardless of
its side-to-side position along the flow path. The middle of the sample flow front was recorded at
the same side-to-side position for all testing, midway the sample width, as shown in Figure 3-3
as the midpoint. The trailing flow front was the final bit of sample to infuse with resin at any
given time regardless of its side-to-side position.
Race tracking was mitigated to the greatest extent possible by sealing the edges of the dry
samples with the adjacent vacuum bagging tacky tape. However, for carbon infusions, the
leading flow front was typically impacted by channels of higher permeability along either the top
or bottom sample edge regardless of the attempts to limit their effects. Due to the relatively
narrow width of the sample, it wasn’t uncommon for the channels with higher permeability to
appear to influence the flow front times recorded along the mid-point of the sample. For this
reason, initial calculations for carbon samples used the trailing flow front data points. In the fiber
glass mat, efforts to seal the tacky tape into the edge of the fiber seemed to have resulted in
collapsing the fiber mat structure. As a result, the resin often infused much slower at the top and
bottom edges of those samples. Therefore, for fiberglass sample calculations, the midpoint flow
27

front time data was used because it was considered the most reflective of standard processing.
Note that the slower flow along the edges could be due to the round narrow inlet, which imparts
roundness to the flow front as it progresses through the mold. But that effect is mitigated by the
distribution media quickly passing resin to all parts of the closest edge of the fabric, at least in
comparison to the slow flow in the reinforcement. As has been shown in other radial
permeability tests, the effects of the inlet shape are usually dissipated as the flow front moves
farther away from the inlet [54].

Figure 3-3: Experimental Setup

Figure 3-4: Sample image from M3C2 infusion recording
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Hydrostatic pressure was maintained close to constant by using a wide oil reservoir and
shims to maintain the flued height with respect to the height of the mold. During a single test
infusion, the oil reservoir fluid level would drop approximately 2 mm. Between tests, the
reservoir was shimmed to raise the fluid level back to the starting level. Once the brim of the
container interfered with the inlet tube, the shims were removed, and additional oil was added to
again set the oil level back to the starting level.
The fabric was laid on the mold with a small piece of distribution media connecting the
beginning of each sample to a piper connector fitting made from PTFE. Flash tape was used to
constrain the distribution media to the sample for convenience during bagging. A piece of peelply was placed between the sample and the fitting at the vent to aid in vacuum connection to the
entirety of the sample. This setup is shown in Figure 3-5.

Figure 3-5: Carbon Sample Setup

Vacuum film (IPPLON KM1300-002, produced by AIRTECH) was precut for all the
infusions to fit the tooling with no pleats. The film was sealed over the infusion setup, then a
razor blade was used to cut an x into the bag at the center of the fittings. The vent tube was
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cleaned, spiral wrapped with a minimum of two layers of tacky tape and inserted into the fitting.
A new inlet tube, approximately 30 cm long, was cut for each infusion, cleaned with acetone,
wrapped with tacky tape, and inserted into the fitting sealing one end to the vacuum bag while
the other end was placed into the resin pot, as can be seen in Figure 3-4. All tubing used was 6.4
mm (.25 inch) polyethylene tubing. At this point the starting ambient pressure and dry
uncompressed thickness were recorded. Then the inlet tube was clamped, and video, then timer,
then DAC, then Vacuum started. The layup was leak checked and further sealed until the GMH
3161-12 digital handheld vacuum gauge, in-line with the vent, read 500 Pa. Then the dry
compressed thickness, resin temperature, and layup vacuum pressure was recorded. At this point
the inlet tube was uncrimped and sample infused. All region-to-region flow front progression
times for each of the three points of the flow front were recorded as described above using a
custom python script shown in Appendix A. Upon completion of the infusion, the layup vacuum
pressure, wet compressed thickness, wet uncompressed thickness, ambient pressure, resin
temperature, and oil level in the reservoir were recorded.
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4

4.1

RESULTS

Flat Region Permeability
The simplest form of flow modeling involves the assumption of rigid thickness, i.e.

constant thickness and vF. In an infusion-based process with such constant thickness, the pressure
gradient from the inlet to the flow front is linear. As seen in Figure 4-1, when plotting the
pressure for any position along the filled regime (i.e. from the inlet at x = 0 to any position x up
to the flow front at x = L) on an x,y graph, this line extends from (0,PA) to (L,PV) thus dPR/dx is a
constant at any given moment and equal to (PV-PA) / L = -ΔP/L.

Figure 4-1: Rigid Thickness Flow Front
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The velocity of the flow front at any position during infusion is proportional to the applied
pressure gradient, which is the slope of these plots in Figure 4-1 at the flow front, i.e. at PR = 0.
In this case, the slope is equal across the entire filled regime as the plot is linear. For a constantthickness infusion, by Darcy’s Law:
𝑣𝑣 =

𝐾𝐾∆𝑃𝑃

(4-1)

(𝜇𝜇𝜇𝜇𝜇𝜇)

The length of each of the three flat sections was divided into 10 increments (about 6 mm
increments depending on the tool’s flat section length), to allow more permeability calculations
over the experimental duration, thus allowing a more statistical analysis of the data. The time
was then measured from the infusion experiment videos, to reach each of these incremental
values for L. The instantaneous velocity for measurement i was calculated as dL/dt based on the
previous and the subsequent measurements, and then taking the average of the two:

𝑣𝑣𝑖𝑖 =

−𝐿𝐿 )
(𝐿𝐿 −𝐿𝐿
) (𝐿𝐿
� 𝑖𝑖 𝑖𝑖−1 + 𝑖𝑖+1 𝑖𝑖 �
(𝑇𝑇𝑖𝑖 −𝑇𝑇𝑖𝑖−1 ) (𝑇𝑇𝑖𝑖+1 −𝑇𝑇𝑖𝑖 )

(4-2)

2

Then the permeability was evaluated by equation 4-1 using the maximum vF recorded, for
each of those measurements. The K measurements for two infusions, M4G1 and M4C1 are
shown in Figure 4-2. One can see that K is not as constant as hoped for. With the glass infusion,
the K calculations seem to be increasing across all three flat regions. The scatter around that
linear trend is most likely from micro-variation in the fabric. The increasing trend is most likely
due to the vacuum bag displacement. As the infusion proceeds, the resin pressure builds under
the bag, lifting the bag higher and thus causing a lower vF and higher flow velocity. This
phenomenon is not accounted for in this model as it assumes constant thickness. The higher flow
velocities are then misinterpreted as an increasing permeability over time.
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Figure 4-2: Rigid model K calculations for 10 time increments across each flat region
(M4G1 on left, M4C1 on right)

For the carbon infusion, the 2nd and 3rd flat regions demonstrate fairly similar data, with an
average of 9×10-12 m2 (note: this is an order of magnitude less permeable than the glass mat).
Those numbers do not include the data from the first flat region, which shows a significantly
lower permeability, and appears to be increasing with L until reaching equilibrium somewhere
before the start of the 2nd flat region.
This suggests three possibilities for explanation of the slowly increasing flow-rate:
1. There is a significant pressure loss, other than the reinforcement, in between the resin
pot and the vacuum pump. The pipe inner diameter (6 mm), pipe length (approximately
.25 m), and flow velocities typical to infusion are not enough to cause a significant
pressure drop by Reynold’s Law. But if the pipe is somehow crimped, then the
reduction in diameter could make the pressure loss significant. For a constant applied
pressure as is the case here, the flow velocity is always highest when the flow front first
begins to wet out the reinforcement. As the flow continues through the preform, the
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velocity slows down, which would reduce the pipe pressure loss. The crimp in the pipe
might also relax over time.
2. A leak in the vacuum seal, which somehow is mitigated over time. In reality vacuum
seals usually deteriorate over the duration of an infusion, and typically do not improve.
3. The 1st bend region somehow makes the flow faster than expected in the flat region just
beyond it (2nd flat region). This could be the case if the vF was somehow higher in the
bend region than in the flat regions, e.g. by the compaction discussed in chapter 2. But
that would not explain the increasing K in the 1st flat region. This explanation would
also suggest that the 3rd flat region’s K would be similarly higher than the 2nd flat
region due to the 2nd curved region between them. If anything, the 2nd curved region’s
propensity for bridging (concave instead of convex) would enhance this effect. But the
data shows little increase from the 2nd to the 3rd flat region. And the high modulus of
carbon fibers suggests that the vF should increase in the bends (by fiber buckling),
instead of decreasing (by fiber extension).
Of these three scenarios, the first one seems to be the most logical. Especially when
considering the clamp used to close off the inlet pipe from the resin pot until the beginning of the
infusion. After the tight metal clamp is removed from the pipe, the pipe shows visible signs of
crimping as a type of shape memory, where the plastic pipe material does not spring back to its
original geometry. A polymer’s viscoelastic behavior instead makes it slowly extend back
towards its original geometry, and often maintains some permanent deformation. This would
explain the increase in K; the flow is initially slower than it should be due to the pipe being
crimped. The pressure loss caused by this is mitigated by the decreasing flow velocity of the test
oil through the pipe, as well as a probable slow “un-crimping” of the pipe over time.
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This phenomenon can also be observed by evaluating the average permeability in each of
the three flat sections. This was done by letting v in Equation 4-1 equal dL/dt, and then
integrating across the L boundary values for each flat region:
(𝐿𝐿𝑖𝑖 2 −𝐿𝐿𝑖𝑖−1 2 )

𝐾𝐾 = �

(𝑇𝑇𝑖𝑖 −𝑇𝑇𝑖𝑖−1 )

𝜇𝜇𝑣𝑣

(4-3)
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This results in a simple K approximation for the flat regions, using constant thickness,
pressure, and averaging the flow velocity across each flat region based on only the fill time data
to the beginning and end of each region. The results are shown in Figure 4-3, along with the
average for each reinforcement material. The data for the two experiments shown in Figure 4-2
are representative of the other infusions of the same material. In the carbon infusions, the 2nd and
3rd flat regions are similar in resulting K values, while the 1st region is significantly lower, most
likely due to pipe un-crimping.

Figure 4-3: Rigid model K calculations for integrated average flow velocity across each
flat region (glass on left, carbon on right).

The glass results show a slow increase in K as L increases, as expected from the vacuum
bag lifting up more and more throughout the infusion. As the experimental durations for the glass
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infusions are so much less than carbon, the pipe “un-crimping” over time may still be happening
throughout the entire infusion, instead of just in the first flat region, which could also contribute
to the slowly increasing K.
Thus, the suspected loss from a crimped inlet pipe seems to be affecting the carbon
infusions in only the first region, while it may be affecting the glass infusions, to a lesser extent,
across the entire infusion. For this reason, the first flat region was neglected in further flow
modeling for the carbon infusions. But the initial slow flow also affects the later regions, as the
experimental times required to reach certain L values are all higher than what they would be if
the pressure had been more uniform throughout the infusion duration. This is evident by
examining the experimental and modeled data for L2 vs. t, as shown in Figure 4-4. For a rigid
cavity, with constant thickness, K, pressure, and viscosity, Darcy’s Law predicts the
experimental flow data, when graphed as L2 vs. t, to be a linear plot, with slope equal to a
constant C:
𝐿𝐿2 = 𝑡𝑡𝑡𝑡, 𝐶𝐶 =

2𝐾𝐾∆𝑃𝑃

(4-4)

𝜇𝜇𝜇𝜇

The graphs in Figure 4-4 show three fits: 1) a linear fit of the 2nd flat region (L23) data, 2)
linear fit of the 3rd flat region (L45) data, 3) a flow model based on fitting the time to fill the entire
sample (last experimental data point for L,t). The flow model assumes constant thickness (rigid)
and was built based on predicting the velocity (Equation 4-1) at a given time value and using the
Euler-method to determine the following time values new value of L, for time increments of five
seconds. Once built, the permeability was iterated until the predicted L at the last time value
(time to fill the entire part) matches the experimental L at the same time.
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Figure 4-4: L2 vs. t data for M4G1 (left) and M4C1 (right), with rigid time-differentiated
velocity model.

The experimental data seems more linear in the glass infusion than in the carbon infusion.
But for both materials, the linear fits of the last two flat regions have negative intercepts,
meaning that the slope and hence flowrate are slowly increasing over time, as evident in the
previous graphs. For carbon, the phenomenon mentioned above is again evident, were the slope
starts low, slowly increases during the 1st flat region, then is more constant for the last two flat
regions. The large negative intercepts on the linear fits explain the difficulty of the flow model to
fit the data well; while the model goes through the last experimental data point, it is constrained
to go through the origin (0,0) and thus cannot fit the data well. To correct the experimental data
for the last two flat regions, the experimental times were all decreased by a number of seconds,
to move those linear fits closer to going through the origin. This time adjustment was 8 and 335
seconds for M4G1 and M4C1, respectively. The time-modified data is shown in Figure 4-5. The
linear fits have much smaller intercept values, and the flow model now fits the last two flat
regions much better. This time modification essentially shifts the experimental data points to the
left in such a graph and was done for every infusion showing a significant negative intercept in
the linear fits of the experimental data from the last two flat regions. The glass infusions all used
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a time shift of only a few seconds, with a maximum of 11 seconds shift. The carbon infusions,
with longer experimental durations, had time shifts generally from 0 to 335 seconds.

Figure 4-5: Time adjusted L2 vs. t data for M4G1 (left) and M4C1 (right).

4.2

Variable Pressure
The pressure sensor on the manifold shows slight variation in vacuum pressure over time,

most likely from slight vacuum leaks or pump power variation or both. The same flow Eulermodel based on velocity predictions and five second time increments (Figure 4-2) was used
again here. The five second increments matches the frequency of pressure sampling on the
manifold pressure sensor. Instead of re-sampling the flow front length for each five second
increment, a simplification was made by only matching the last data point (L5 and t5) to the
model by iterating the constant K value. Thus, this model is only fit to the last time and length
measured, and represents a constant K, P, viscosity, and thickness model to get to that last point.
Two cases were tried: 1) matching the manifold inlet pressure sensor data at each time step
(sampled every five seconds) 2) assuming a constant applied pressure (ambient and vacuum)
throughout the infusion, that was measured at the beginning.
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Changing from the variable pressure to the constant start-pressure numbers changed the
calculated K by less than 1% for all experiments. This suggests that the variation in applied
pressure from the vacuum pump is insignificant in the K calculations, and the constant pressure
assumption, using the initial measured pressure, is valid.

4.3

Variable Thickness from Vacuum Bag
With vacuum infusion (VI), flow modeling becomes more complicated, as the vacuum bag

deflects upward with the rising resin pressure within the mold. The pressure is a nonlinear (i.e.
non-constant) gradient across the filled regime (i.e. from the inlet to the flow front), causing a
similarly nonlinear gradient in thickness and 𝑣𝑣𝐹𝐹 . A simplification is to assume that the mold is

rigid, with a thickness equal to the fully compressed thickness (i.e. maximum 𝑣𝑣𝐹𝐹 ) recorded

during VI, and then the constant pressure gradient calculation mentioned above can be used. This
results in an over-estimated K, as the actual VI processing allows the bag to lift up, resulting in
easier flow than is being accounted for. If the variable thickness is coupled into the flow model,
then that easy flow is accounted for and the calculated permeability decreases to a more accurate
number. This also allows for calculation of the permeability at various thicknesses [24], and
fitting of the Kozeny-Carman model to relate the permeability to 𝑣𝑣𝐹𝐹 :
𝐾𝐾 =

𝑘𝑘𝑘𝑘(1−𝑣𝑣𝐹𝐹 )3
𝑣𝑣𝐹𝐹 2

(4-5)

A model was used from the literature which determines the pressure- and thicknessgradient resulting from infusion accounting for vacuum bag displacement [55]. This involves
modeling the resin pressure PR as a function of α, where α is the non-dimensionalized position
across the filled regime, divided by the length from the inlet to the flow front. The advantage of
this modeling methodology is that the pressure gradient remains the same no matter where the
39

flow front (L) is at a given time. The model is fit by iterating the initial pressure gradient (dPR/dα
at α=0) until PR-PV=0 at α=1 (the flow front). This requires a previously determined model for
the compressibility of the reinforcement, and the Song-Loos model was used [56]:
𝑣𝑣𝐹𝐹 =

𝑣𝑣𝐹𝐹0

�1−�𝐴𝐴+

(4-6)

𝐵𝐵𝑃𝑃𝐶𝐶
��
�𝐶𝐶+𝑃𝑃𝐶𝐶 �

where PC is the compaction pressure exerted on the fibers as determined by the Terzaghi
model (Equation 2-2) for the pressure balance exerted on the respective sides of the vacuum bag.
The constants for the Song-Loos model were determined previously for both of these
reinforcements [29] and are listed here:

Table 4-1: Compressibility model constants
as previously determined.
Constants
dry vF0 (uncompressed vF)
A (unit-less)
B (unit-less)
C (Pa)

carbon

glass

0.3485
0.3088745
0.1572106
11807.922

0.15
0.3483
0.2308
6442.5

The resulting fits are shown in Figure 4-6 for both M4C1 and M4G3. Note both the
nonlinearity of the plots, and that the two plots are very similar. The deviation from linearity
(compare Figure 4-1 to Figure 4-6) is a relative measure of the compliance of the reinforcement
in z-direction compaction. These two reinforcements, although very different in composition,
coincidentally have similar compressibility. For constant thickness, when integrating Equation 41 from 0 to the flow front L:
𝐿𝐿2 =

2𝑡𝑡𝑡𝑡∆𝑃𝑃

(4-8)

𝜇𝜇𝜇𝜇
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Figure 4-6: Pressure gradient from inlet at a=0 to flow front at a=1.

For the VI model with non-constant thickness [55], and the permeability now a function of vF:
2

𝐿𝐿 =

2𝑡𝑡𝑡𝑡𝑣𝑣𝐹𝐹 �

−∆𝑃𝑃𝑅𝑅
�
∆𝛼𝛼

(4-9)

𝜇𝜇𝜇𝜇

with dPR/dα evaluated at α=1. Thus, combining Equations 4-5 with 4-9, one can iterate the kC
constant for the Kozeny Carmen model to fit the predicted times t for the flow front to reach
several positions L.
The length of each of the three flat sections was divided into 10 increments (about 6 mm
increments depending on the tool’s flat section length). The time was then measured from the
infusion experiment videos, to reach each of these incremental values for L. The kC constant was
then fit to these data sets, so as to fit the experimental times with the predicted times from the
variable-thickness flow model [24]. Figure 4-7 shows the modeled flow progression by vacuum
infusion (VI) flow model, in addition to the experimental and modeled data shown in Figure 4-5.
Note that this new model was fit to only the time data points from the last two flat regions (L23
and L45), after the time adjustment as mentioned above. These models all fit the flow progression
data well.
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Figure 4-7: Time adjusted L2 vs. t data for M4G1 (left) and M4C1 (right), with model fits
based on rigid thickness and vacuum infusion (VI) with non-constant thickness.

Although the models both fit the flow progression well, the fitted values for permeability
from the models will be different due to the models’ difference between the assumption of
constant thickness and accounting for the variable thickness from the vacuum bag. The resulting
Kozeny-Carmen model from accounting for variable thickness allows prediction of the
permeability at any value for vF (Equation 4-5). The maximum vF measured in the infusion tests
was again used, to evaluate the permeability by this model, to allow comparison to the single
permeability value measured from the time-differentiated velocity model with constant thickness
assumed. The average for all tests of each reinforcement material is presented in Table 4-2.

Table 4-2: Comparison of flat region permeability calculations
for rigid assumption and vacuum infusion models.

Glass

Carbon

rigid
VI
% difference
rigid
VI
% difference

avg vF
34.33%

63.03%
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avg K
1.60×10-10
1.12×10-10
-29.9%
6.67×10-12
4.08×10-12
-38.8%

kC
N/A
4.68×10-11
N/A
3.21×10-12

Accounting for the vacuum bag displacement, i.e. the bag lift-off from the resin pressure, results
in a significant decrease in the calculated flat-region permeability for these two experiments,
with a 30% decrease in K for the glass tests, and 39% decrease for the carbon tests. This suggests
that the simpler model based on constant thickness cannot be used due to inaccuracy.

4.4

Validation of VI Pressure Gradient with In-Mold Sensors
Figure 4-8 shows the experimental pressure data from the in-mold sensors for these two

glass infusions on mold #2. The data acquisition was inoperable for the third glass test on this
mold (M2G2). The model profiles shown result from the compressibility-coupled flow model
(Equations 4-5, -6, -7 and -9), where the pressure gradient was calculated for the infusion, the
flow front position L as a function of time was predicted from the measured permeability, and
the resin pressure PR at each sensor location was then estimated from this over the experimental
time duration.

Figure 4-8: In-mold pressure sensor data and prediction for M2G1 (left) and M2G3 (right).
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One can see in Figure 4-8 that the resin pressure remains at vacuum pressure until the flow
front reaches each sensor location, after which PR rises quickly, then levels off as it approaches
ambient pressure. The first in-mold sensor (“s2”) data is a fairly close match with the predicted
pressures, while the sensors farther down-stream in the mold (“s3” and “s4”) show what looks
like a larger time gap between the data and the model. This is most likely due to the effects of the
lower permeability and increased compaction in the bend regions L12 and L34, which are not
accounted for in the compressibility-coupled flow model. The shape of the s2 pressure curves are
similar (model and experiment), suggesting that the compressibility model determined in
previous experimentation [29] is accurate for this reinforcement.
Two of the carbon infusions are similarly shown in Figure 4-9. The data acquisition was
again inoperable for the third experiment with mold #2. The experimental sensor data shows
more noise and less match with the experimental predictions. Again, at least with M2C3, the first
sensor shows a closer match than the later ones.

Figure 4-9: In-mold pressure sensor data and prediction for M2C2 (left) and M2C3 (right).
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The shape of the experimental curves is steeper than the model predicts for M2C3, but the
opposite trend is true for M2C2; the model shows a steeper rise in pressure compared with the
experimental data. At least the compressibility model that was used seems to predict behavior
between these two experiments for the carbon reinforcement material.

4.5

Change in Fiber Content in Bend Regions
The fiber content in the curved bend regions (L12 and L34) are thought to be slightly

different from the vF in the flat region, due to the bend itself, coupled with the friction between
plies which impedes ply slippage. The bend causes either increased or decreased compaction in
the bend region. This is illustrated in Figure 4-10, where a cartoon representation of the convex
bend region L12 is shown with fiber cross-sections exaggerated in size to show region-to-region
fiber-packing differences. Chapter 2 details the evidence suggesting that the curve regions
experience greater compaction, but the analysis that follows will briefly consider both cases.

Figure 4-10: Bend Region Fiber Content
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A geometric study of the curved region enables an estimate for the change in vF. For a flat
composite laminate, the volumetric fiber content is calculated by comparing the volume of fiber
in the reinforcement VF to the total volume, VT, i.e. including the air or matrix. The volumetric
fiber content in a flat region vF0 = VF / VT, is calculated by multiplying the areal weight of a
single ply (AW) by the number of plies (i.e. layers) (n), and then dividing by the density of an
individual filament (ρF) and the thickness of the entire laminate (hT):
𝑛𝑛𝐴𝐴𝑤𝑤

𝑣𝑣𝐹𝐹0 = 𝜌𝜌

(4-10)

𝐹𝐹 ℎ𝑇𝑇

The total volume VT of the flat region is simply LTWhT., using the length and width in-plane
dimensions of the laminate.
It is assumed that the fiber content is different in the curved regions due to tension and
compression of each single ply. Consider a single ply of the reinforcement material. Assuming
that the thickness of the single ply, hP, is the same as the ply thickness in the flat regions, then
hP = hT/n. The volume of the single innermost (shortest circumference) ply in the curved region,
VP1C, is then calculated by the difference of the area of quarter-arc circles of radius R (inner
radius) and R+hP (outer radius):
𝑉𝑉𝑃𝑃1𝐶𝐶 =

𝑊𝑊𝑊𝑊
4

2

��𝑅𝑅 + ℎ𝑝𝑝 � − 𝑅𝑅 2 � =

𝑊𝑊𝑊𝑊ℎ
4

�2𝑅𝑅 + ℎ𝑝𝑝 �

(4-11)

The ply is thin, but has thickness, which when laid over the curve, causes either:
1. stretching (tension) of the material away from the inside of the curve, or
2. buckling (compression) of the material by the inside of the curve, or
3. some combination of tension on the outer side of the curve, and compression on the
inner side.
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For scenario one, using the calculation for a quarter circumference of a circle, the in-plane
area of fiber is WRπ/2. For scenario two, it is W(R+hP)π/2, effectively packing more areal weight
of reinforcement into the same region and increasing the local fiber content. Multiplying by AW
and dividing by ρF and VP1C, the fiber content in the curved region (vF1C), for the innermost ply,
for scenario 1 and 2 are:
𝑅𝑅

𝑣𝑣𝐹𝐹1𝐶𝐶 = 2𝑣𝑣𝐹𝐹0 2𝑅𝑅+ℎ

𝑝𝑝

𝑅𝑅+ℎ𝑝𝑝

(scenario 1) , 𝑣𝑣𝐹𝐹1𝐶𝐶 = 2𝑣𝑣𝐹𝐹0 2𝑅𝑅+ℎ (scenario 2)

(4-12)

𝑝𝑝

The above analysis considers the single ply closest to the tool. The next layer will be
similar, assuming no resistance to inter-ply fiber slippage, with the inner and outer radii both
increased by the magnitude of hP. The average curved fiber content for all plies (vFC) in a stack
of n plies is then:
𝑣𝑣𝐹𝐹𝐹𝐹 =

2𝑣𝑣𝐹𝐹0
𝑛𝑛

𝑖𝑖=𝑛𝑛
∑𝑖𝑖=1

𝑅𝑅+(𝑖𝑖−1)ℎ𝑝𝑝

2𝑅𝑅+(2𝑖𝑖−1)ℎ𝑝𝑝

(scenario1), 𝑣𝑣𝐹𝐹𝐹𝐹 =

2𝑣𝑣𝐹𝐹0
𝑛𝑛

𝑖𝑖=𝑛𝑛
∑𝑖𝑖=1

𝑅𝑅+(𝑖𝑖)ℎ𝑝𝑝

2𝑅𝑅+(2𝑖𝑖−1)ℎ𝑝𝑝

(scenario 2) (4-13)

Microstructural analysis of the cross-section in the curve could be performed to
experimentally determine which of these scenarios is the most accurate. This would require
infusion experiments with a curing thermoset matrix (e.g. epoxy), and then subsequent
investigation by either x-ray computed tomography, or light-based microscopy of samples cut
perpendicular to the axis of curvature. Microstructural analysis was outside the scope of this
study, however, and the difference in resulting fiber contents from the scenarios above turned out
to be small. As in other studies, scenario two (buckling by the inside of the curve) was assumed
to be the most likely, due to the tensile stiffness of either carbon or glass fibers, combined with
their susceptibility to buckling, i.e. relatively weak compression response. Thus, only scenario 2
was used in the following calculations, with slightly higher fiber content accounting for
compression of the fabric on the inside of each curve.
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Evaluation of the resulting fiber contents shows only slight deviations from vF0 (Table 4-3),
with the difference in vF being from 0.3% (glass, largest curve radius) to 4.2% (carbon, smallest
curve radius). But permeability is highly sensitive to even small changes in the fiber content.

Table 4-3: Estimate of vF in the bend regions L12 and L34.

Glass
Carbon

Tool Radius (mm)
vF in bend region (%)
Difference from flat (%)
vF in bend region (%)
Difference from flat (%)

3.2
36.6
2.3
67.2
4.2

6.4
35.6
1.2
65.4
2.4

12.7
35.0
0.7
64.3
1.3

25.4
34.7
0.3
63.7
0.7

(flat)
34.3
63.0
-

With this estimate for the vF in the bend regions, the VI filling model was modified by
accounting for that change in vF during calculation of the non-linear pressure gradient (as in
Figure 4-6). The resulting data was again used for the VI filling model, but only fit to the L23 (the
second flat region) fill time data. The resulting fits on the L2 vs t profiles are shown in Figure
4-11. One can see the slight deviation in the VI model fits, which is due to the bend-compaction
model only being fit to L23 whereas the previous model was fit to both L23 and L45 fill time data.

Figure 4-11: L2 vs. t data for M4G1 (left) and M4C1 (right), with model fits based on
vacuum infusion (VI) with, and without accounting for the increased compaction in the
bend regions.
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The calculated K value, based again on the max vF for each experiment, changed 5% at most
from the calculated K when disregarding the bend-region compaction.
The VI model accounting for bag displacement and bend-compaction, fit to L23 data, is
assumed to be the most accurate of all the model options for the flat regions. This is because 1)
the higher accuracy suspected in the L23 data in comparison to either of the other two flat regions
and 2) this model accounts for all the phenomena possibly modeled, with the exception of
variable pressure which was shown to exhibit little effect on the resulting permeability data.
Figure 4-12 displays the calculated permeability measurements for every one of the
infusions, by several of the methods mentioned above:
1. Rigid model, integrated average of fill times for beginning and end of each region
2. Rigid model, average of K values calculated from the instantaneous velocity for each of
the ten fill-time measurements in L23
3. Same as model 2, but with the varying inlet pressure accounted for (all other models
use the average pressure throughout the experimental duration).
4. VI (bag displacement) model fit to the ten fill times from both L23 and L45
5. VI model fit to the ten fill times from L23, with an estimation for the increased
compaction in the bend region L12.
The average calculated K for each method is also presented and plotted against the
permeability based on a previous study dedicated to K measurement of flat regions during VI
[24]. One can see a measure of scatter in the results – owing to both experimental variation, and
micro-textile variation.
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Figure 4-12: Calculated K results for each experiment’s flat reinforcement regions.

The average of each method is presented in Figure 4-13, with error bars representing the
standard deviation. The assumption of the last model being the most accurate was supported by
its agreement with the test data from a previous study [24]. In summary, a comparison of the flat
permeability model results:
1. For glass: The calculated K from the rigid integrated model increases with each later
section (from L01 to L23 to L45) (maroon – blue – red). This is assumed to be due to the
accumulating effect of the vacuum bag displacement, which is unaccounted for in a
rigid model. In reality, the bag continues to lift higher, allowing a lower vF in the mold,
and thus faster resin flow.
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2. For the carbon infusions, the L01 flow exhibits slow initial flow thought to be caused by
the still un-crimping inlet pipe. The L45 flow should be slightly larger than L23 due to
the accumulating vacuum bag effects but is thought to be reduced by the propensity for
vacuum seal leaks to develop towards the end of these long experiments. This suggests
that L23 (blue) is the most accurate of the three flat regions upon which to base the
permeability calculations.
3. Using the 10 measurements in each region allows for the time-differentiated model
(yellow) instead of integrating across only the first and last points of the region. The L23
permeability results from the time-differentiated model give similar results to the L23based integrated model.
4. Using the varying measurements from the pressure sensor in the manifold (green),
instead of simply the average pressure (yellow) causes very little difference in the
resulting calculated K.
5. The VI model [24], [55], accounts for the vacuum bag lift-off, and thus results in lower
calculated K results (orange and blue). The orange one is based on fitting to the 10 flow
measurements from both L23 and L45, and thus is affected by the slower flow in L45
especially in the carbon infusions.
6. The light-blue column is a VI model and fit only to L23 data, and accounts for the
increased vF in the bend region L12. There is little significant difference between the two
VI models, and the small difference is mostly attributed to the inclusion of L45 data in
the orange one.
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Figure 4-13: Average flat region permeability by each calculation method.

Table 4-4 lists all of the flat region permeability data shown in Figure 4-13, along with the
standard deviation and the standard deviation as a percentage of the average. Looking at the
chosen model (“VI-L23” with bend-region compaction), the percent standard deviation of 22.6%
and 18.3% for glass and carbon respectively, agree well with the standard deviations reported in
a recent worldwide benchmark for one-dimensional flow permeability measurements [17].

Table 4-4: Average flat region permeability by each calculation method.

1.87E-10
4.02E-11

Rigid-10L23
1.70E-10
3.68E-11

Rigid-10L23-varyP
1.60E-10
3.79E-11

23.6%
7.55E-12
1.56E-12

21.5%
7.65E-12
1.22E-12

21.7%
6.94E-12
1.77E-12

20.6%

16.0%

25.6%

Model:

Rigid-L01

Rigid-L23

Rigid-L45

Glass

Avg K (m2):
St. Dev.

1.48E-10
3.68E-11

1.70E-10
4.01E-11

Carbon

% St. Dev.
Avg K (m2):
St. Dev.

24.9%
4.14E-12
1.89E-12

% St. Dev.

45.5%

4.6

1.12E-10
2.53E-11

VI-L23-bend
Compact
1.10E-10
2.49E-11

23.6%
6.67E-12
1.85E-12

22.5%
4.08E-12
1.24E-12

22.6%
4.38E-12
8.02E-13

27.8%

30.5%

18.3%

VI-L23+L45

Hoagland
[24]
1.05E-10

3.56E-12

Bend Region Permeability
The VI flow model described above [55] accounts for vacuum bag displacement on the

flow and resulting K calculations. But it only applies to a flat tool and one-dimensional flow
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directionality. In the dissertation where this solution was presented, another solution was given
for VI of two-dimensional radial flow, again on a flat tool [55]. In this study, with the bends in
the tool, the flow is not 1-dimensional, but turns at a right angle twice. But it should be at least
similar to 1-D flow.
The permeability in the bend regions, KB, was first estimated similar to that done in the flat
regions, by Equation 4-3, the integrated form of Darcy’s Law to evaluate the permeability for
average flow across the entire bend region. This was done for both the convex first curved
region, L12, and the concave second curved region, L34, using the geometric estimate for the
increased compaction in the bend regions. The results are shown in Figure 4-14, as an average of
the three experiments for each tool, with error bars representing the standard deviation. The L23
flat region permeability, i.e. at infinite curvature radius, is also presented, for both rigid- and VIbased models. One can see an increasing trend in the permeability as the tool radius increases,
and that the rate of increase diminishes as the tool radius increases.

Figure 4-14: KB estimate, by constant thickness assumption, for glass (left) and carbon
(right) tests. Also showing flat region L23 permeability by both rigid- and VI-based models.
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As the tool radius increases, the permeability approaches that calculated from the rigid model for
the flat regions. This is intuitive as a very large curve radius should be similar in fiber
architecture to a flat region, as the effects of local compaction are diminished for a gentle curve.
There are some deviations from this trend, e.g. the carbon 12 mm L12 permeability is slightly less
than that from the 6 mm tool, and the L34 6 mm tool permeabilities seem over-estimated for both
reinforcements. But an increasing trend is nevertheless evident, as seen by power law fits of the
permeability to the tool curvature radius.
For glass, the L12 permeability values are within the standard deviation of the L34
permeability. For carbon, however, the L12 results are generally lower than the L34 results. The
differences between these two curved regions are:
1. The first is convex, whereas the second is concave
2. The first is closer to the inlet than the second region
Both of these differences are thought to generally result in a higher calculated permeability
for the latter L34 region. Regarding the first reason, the concave curve is more susceptible to
bridging in the vacuum bag over the curvature. Bridging can result in a resin rich region that
might reverse some of the local compaction caused by the curvature, thus resulting in a lower
fiber content and higher flow velocities and higher KB without accounting for the lower vF. The
second reason has been described previously; the tendency for the permeability to be
increasingly over-estimated as the flow front travels farther from the inlet, when not accounting
for the vacuum bag displacement as is the case for the results shown in Figure 4-14. It is
assumed that both of these regions would result in statistically equivalent permeability
measurements if bridging was minimized, e.g. with caul plates, and if the vacuum bag
displacement could be accounted for.
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To account for the bag displacement in VI, the geometry of the tooling in this study is too
complex to model mathematically with a closed form solution as was done previously with pure
one- and two-dimensional flow. One common alternative to evaluating the permeability in a
complex geometry is finite element (FE) based flow simulation, using three-dimensional
elements to build a geometry model similar to the sample being infused. The permeability could
then be iterated in the simulation input until the filling speed matched that seen experimentally in
the bend regions. This method is known as the inverse estimation method (IEM), and is the
generic description of the simulation methods used in studies mentioned in Chapter 2 [41], [43],
[52]. In this method a numerical solution model is setup with a guess of the permeability
components, then computer processing compares the solution with actual flow experimentation
and iteratively changes the input permeability until the models flow front progression and
pressure distribution converge upon the experimental data [57]. The difficulty with this method
for the present study is that no commercial flow simulation code has an acceptable methodology
to account for vacuum bag displacement. The usual application of IEM is to evaluate the
permeability assuming a rigid constant thickness in the mold, due to the complications of
accounting for the bag displacement in VI. But in this case of this study, fairly confident results
are already available based on constant-thickness models. Only academic codes are available
which attempt to model the FE elements as they change in shape with the accumulating resin
under the lifting vacuum bag. The application of such academic codes is the subject of other
graduate level research [58] and outside the scope of this paper.
Thus, a simple estimate of KB for VI was made by applying a ratio calculated from the
resulting permeability from the rigid- and VI-based models in the flat regions. The data
presented in Table 1 shows the percentage difference between a rigid model and a VI model, but
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that rigid model was based on time-differentiated filling times for ten length increments across
each region. Such measurements are not available from the bend regions due to the orientation of
the video camera. Thus, the ratio between the rigid- and VI-model KB results was re-calculated,
using the simple integrated model (Equation 3) results, shown in Figure 3. Note that the VI flow
model was fit to L23 data, i.e. the middle flat region, which is bounded on either side by the bend
regions L12 and L34. As discussed previously, the magnitude of the error from assuming rigid
thickness during VI should increase with L (the distance of the flow front from the inlet). Thus,
the difference between the rigid- and VI-based models should also depend on location. Table 4-5
lists the percent differences between the VI model (fit to L23 data) and each of the flat regions
with the simple integrated rigid-model. As the bend regions are between these flat regions, the
average percent difference between two flat regions was calculated, to be used for the
corresponding bend region between them.

Table 4-5: Percent difference from rigid to VI models, to be
used for correction of bend regions.

% difference rigid L01 to VI L23
% difference rigid L23 to VI L23
% difference rigid L45 to VI L23
Estimate for L12 (average for L01 and L23)
Estimate for L34 (average for L23 and L45)

Glass

Carbon

-22.8%
-33.7%
-39.9%
-28.3%
-36.8%

-38.9%
-42.5%
-41.5%
-40.7%
-42.0%

This average percent difference between the KB results was used for each experiment to
“correct” the rigid-model results in the bend region to approximate what the data would be with a
VI model for the same region. The corrected KB calculations are shown in Figure 4-15. It is now
less obvious as to which of the two bend regions results in higher KB, as the flow length
differences have been somewhat accounted for in the model. The average of both bend regions is
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also shown in Figure 4-15, with their accompanying power law fits. The permeability now seems
to better approach the VI-model flat-region K, as the tool curve radius increases.

Figure 4-15: KB estimates for curved regions by correcting for differences between rigid
and VI flow models, glass (left) and carbon (right).

The generic power law fits shown in Figure 4-15 could be used in LCM process simulation,
to give a model to estimate the permeability for any bend radius in the reinforcement part
geometry. These are KB = 4.94-11(R)0.238 for the fiberglass CSM and KB = 7.50-13(R)0.520 for the
carbon NCF.
The range of tool curve radii tested in this study extends from what is a very tight radius
(difficult to manufacture) to a gentle radius, where the permeability is nearly equivalent to the
flat region. Any other reinforcement would require similar experimentation to determine a
similar model suitable to the new reinforcement.
A critical radius (RCrit) is defined to express the radius below which it is recommended, in
flow simulation tools, to consider the reduction in permeability using the model given. Mold or
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part radii above RCrit would require no adjustment to the flat permeability of the reinforcement.
The intercept between the power law fit and the lower limit of the error bar for the flat
permeability was used to determine RCrit for each reinforcement. RCrit resulted in a value of 9.8
mm and 20.2 mm for the fiberglass and carbon, respectively. This implies that the bend-region
permeability is more sensitive to bend radius in the carbon reinforcement than the glass, as KB
need only be accounted for with the tightest bends for the glass reinforcement. This could
potentially be used as a rule of thumb for manufacturers; designing or editing a part geometry to
have curve radii all above this value of RCrit, allowing for accurate flow simulation and process
optimization without having to worry about permeability variation due to the bend regions.
While these results obviously only apply to their respective reinforcement, these two
reinforcements were specifically chosen for their significant differences in compressibility,
permeability, and fiber packing. Many other typical reinforcements would likely fall somewhere
in between these two reinforcements in such textile features, and thus are suspected to show
similar behavior at least in the max curve radius with KB similar to flat K. The methodology
developed in this study is broadly applicable and could be used to characterize KB and find the
critical radius of other fiber reinforcements.

4.7

Future Recommendations
The power law model is a generic model fit to this data. A more scientific approach would

be to model the effects based on a mechanical model of the unit-cell textile architecture [59] and
how it changes with bending around a curve. This would be best fit to experimental data of the
local vF in the bend regions. Future experimentation is recommended to determine the vF by
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either cross-section microscopy of cured samples, or x-ray computed tomography (CT) analysis
of the volume in the bend region.
These bend permeability data could be validated through flow simulation software. A
comparative analysis between 1) empirical data on flow front progression within a tool with
multiple single curvature radii and 2) simulation results of the same tool geometry taking into
account KB would provide insight into the accuracy of the results of the present study.
While the simple curvature used in this study provides a good understanding of the
reduction of KB with varying radii, this research could also be expanded upon to consider
complex curvature (i.e. spherical curvature as opposed to a single bend curvature).
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5

CONCLUSION

Four molds, with double curvature having equal radii, were fabricated with radii ranging
from 3.2 to 25.4 mm to characterize the permeability of two different fiber reinforcements 1) a
carbon biaxial NCF and 2) a fiberglass CSM over the mold curvatures. Three infusions of each
material type were conducted on each of the 4 molds for a total of 24 test infusions. Flow front
position vs. time data was measured during each experimental infusion.
The flat region permeability of each infusion was calculated by several methods and
models. The final chosen model accounts for the flat region bag displacement in VI and an
increased fiber compaction in the L12 bend region. It’s percent standard deviation of 22.6% and
18.3% for glass and carbon respectively agree favorably with the standard deviations reported in
a recent worldwide benchmark for one-dimensional flow permeability measurements [17].
The permeability in the bend regions, KB, was first estimated similar to that done in the flat
regions by the integrated form of Darcy’s Law to evaluate the permeability for average flow
across the entire bend region. This was done for both the convex first curved region, L12, and the
concave second curved region, L34, using the geometric estimate for the increased compaction in
the bend regions. The permeability increases as the tool radius increases, and the rate of increase
diminishes as the tool radius increases, as the permeability approaches the flat region
permeability. An estimate of KB accounting for the VI vacuum bag displacement was then made
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by applying a ratio calculated from the resulting permeability from the rigid- and VI-based
models in the flat regions. As the bend regions are between these flat regions, the average
percent difference between two flat regions was calculated, to be used for the corresponding
bend region between them. This average percent difference between the KB results was used for
each experiment to “correct” the rigid-model results in the bend region to approximate what the
data would be with a VI model for the same region. Generic power law fits are reported that
could be used in LCM process simulation, to give a model to estimate the permeability for any
bend in the reinforcement part geometry. The results suggest that any curve with a radius higher
than 20 mm for the carbon NCF and 10 mm for the fiberglass CSM requires no adjustment to the
flat permeability. Future recommendations include a micrographic analysis of cured samples to
validate vF in the bend regions, a comparative analysis between simulation and empirically
acquired data of the bend region, and a study of complex curvature.
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APPENDIX A – PYTHON SCRIPT FOR FLOW FRONT LOCATION MEASUREMENT

import pygame
pygame.init()
screen = pygame.display.set_mode( (700,200) )
font = pygame.font.SysFont(None, 140)
clock = pygame.time.Clock()
start_time = pygame.time.get_ticks()
First_Point_Counter = 0
Mid_Point_Counter = 0
Last_Point_Counter = 0
counting_text = font.render(str(0.000), 1, (255,255,255))
counting_rect = counting_text.get_rect(center = screen.get_rect().center)
print(" ")
print("Space bar starts, stops, and restarts the timer.")
print(" ")
print("Left, up and right arrow keys print the times that")
print("the first, mid, and last points of the flow front")
print("are observed to reach the distances marked on the tool.")
paused = True
running = True
while running:
for event in pygame.event.get():
if event.type == pygame.QUIT:
running = False
if event.type == pygame.KEYDOWN:
if event.key == pygame.K_ESCAPE:
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running = False
if event.key == pygame.K_SPACE:
start_time = pygame.time.get_ticks()
paused = not paused
First_Point_Counter = 0
Mid_Point_Counter = 0
Last_Point_Counter = 0
print("------------------------------------")
if event.key == pygame.K_LEFT:
First_Point_Counter += 1
print(str(First_Point_Counter) +" First Point" + ": " + counting_seconds)
if event.key == pygame.K_UP:
Mid_Point_Counter += 1
print(str(Mid_Point_Counter) + " Mid Point" + ": " + counting_seconds)
if event.key == pygame.K_RIGHT:
Last_Point_Counter += 1
print(str(Last_Point_Counter) +" Last Point" + ": " + counting_seconds)
if not paused:
counting_time = pygame.time.get_ticks() - start_time
# change milliseconds into seconds
counting_seconds = str( (counting_time/1000 ))
counting_text = font.render(str(counting_seconds), 1, (255,255,255))
counting_rect = counting_text.get_rect(center = screen.get_rect().center)
screen.fill( (0,0,0) )
screen.blit(counting_text, counting_rect)
pygame.display.update()
clock.tick(25)
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